Elementary mathematics coaches are placed in schools to construct leadership roles and to provide on-site, collaborative, professional development addressing mathematical content, pedagogy, and curriculum in an effort to enhance instruction and to improve student achievement. This 3-year randomized control study found that over time coaches positively impacted student achievement in Grades 3, 4 and 5. In these grades, this significant positive effect on student achievement was not evident at the conclusion of the first year of placement of a coach in a school. It emerged as knowledgeable coaches gained experience and as a school's instructional and administrative staffs learned and worked together. The coaches in this study engaged in a high degree of professional coursework addressing mathematics content, pedagogy, and coaching prior to and during at least their first year of placement. Findings should not be generalized to coaches with less expertise.
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In an effort to enhance student performance and achievement, schools and school districts across the nation are searching for mechanisms to provide for school-wide models of improvement in mathematics teaching and learning. Cognizant of the fact that traditional onestop workshops and go-away professional conferences are ineffective routes for sustained growth (Ball & Cohen, 1999) , many locales are embracing coaching as a model of professional development for teachers. Underlying this policy is the recognition that addressing the challenge of instructional change requires schools to become places where teachers can learn (Hawley & Valli, 1999) . Indeed, recent reports have suggested that school-based mathematics specialists or coaches may be a vehicle to support the improvement of mathematics teaching and learning in elementary schools by targeting teachers ' understanding and action (e.g., National Research Council, 2001 ). The intent is for a knowledgeable colleague with a deep understanding of mathematics and of how students learn, as well as pedagogical expertise, to serve as an on-site resource and leader for teachers. The mathematics coach is to break the culture of teacher isolation whereby teachers work in private, without observation or feedback, and to collaborate with other professional development efforts in order to increase a school's instructional capacity (Neufeld & Roper, 2003) . In this model, the mathematics coach or specialist catalyzes and sustains the implementation of content-focused work addressing mathematics curriculum, instruction and assessment, supporting the emergence of collective professional habits that advance school-wide growth and change as well as student learning and achievement (Campbell & White, 1997; Marzano, Walters & McNulty, 2005; York-Barr & Duke, 2004) . In practice, many schools are using their Title I funds to finance mathematics coaches, many rural areas are Impact of Elementary Mathematics Coaches 4 turning to on-site teacher leaders as a means of offering leadership to small populations of teachers spread over large geographical areas, and a number of urban districts are positioning mathematics coaches within their schools in an effort to advance test scores (Keller, 2007) .
Background and Rationale

Whole-school Coaching
The rationale for use of mathematics coaches as a vehicle for instructional change and teacher learning is rooted in research on learning and on effective models of professional development. In particular, Bransford, Brown & Cocking (2000) • Content focus, whereby the coach facilitates activities in which teachers address mathematics content and pedagogy, as well as how students learn mathematics;
• Active learning, whereby the coach not only models instruction and co-teaches, but also engages with teachers in the work of teaching via co-planning, assessment design, observation, de-briefing reflections addressing pedagogy and learning, and data-driven decision making;
• Coherence, whereby a coach supports teachers' efforts to understand, to examine ideas Impact of Elementary Mathematics Coaches 5 and relationships, and to connect prior knowledge and beliefs with new learning as well as teachers' efforts to reconcile state, district, and school policy demands;
• Duration, whereby a coach is consistently present to provoke and sustain attention towards addressing problems of practice; and
• Collective participation, whereby a coach facilitates inquiry, reflection, and experimentation within a community of practice focused on curriculum, instructional approaches, and interpretation of student meaning.
There is no single model of coaching; both past studies and current implementation efforts embody a variety of approaches. Joyce and Showers (1980) coined the term "peer coaching" to describe pairs of teachers providing reciprocal feedback and support to each other in an effort to improve their knowledge and skills. Seven years later, Loucks-Horsley and colleagues used the term "helping teachers" to describe those teachers who served to enhance the teaching of others through mentoring and professional dialogue (Loucks-Horsley, et al., 1987, p. 83 ). Whether termed a specialist, coach, support teacher, or teacher leader, in many school districts today the intent is to place in a school a highly knowledgeable teacher, who frequently does not have responsibility for the instruction of a classroom of students, in order to advance instructional and programmatic change across the whole school.
There is a small body of research addressing the work and influence of specialists or coaches who work with multiple teachers (not peer coaches), generally addressing the intended practices of coaches and teachers' perceptions of a coach's impact in terms of teachers' selfreports of changed instructional behavior, frequently within reading or writing instruction (Ai & Rivera, 2004; Dempsey, 2007; Rodgers & Rodgers, 2007; West & Staub, 2003) . There is an emerging body of work that characterizes the challenges that whole-school coaches or specialists Impact of Elementary Mathematics Coaches 6 initially experience, such as understanding the curriculum across grades or courses, employing a variety of coaching modalities skillfully (e.g., joint lesson planning, co-teaching, debriefing), understanding and addressing the growth of teachers, dealing with principals, transitioning from teaching students to coaching teachers, balancing multiple responsibilities and ambiguity, understanding and negotiating school culture, and setting priorities within time constraints (Neufeld & Roper, 2003; Poglinco & Bach, 2004; West & Staub, 2003) .
This literature review identified only one publication reporting a positive relationship between mathematics student learning and professional development that highlighted coaching, but this post-test-only, intact-group design did not have a randomized control group nor did it address possible initial differences between participating schools (Foster & Noyce, 2004) .
Conceptual Model
Desimone (2009) proposed a model representing critical components of the relationship between professional development, teacher knowledge and beliefs, classroom practice and student learning. Figure 1 presents a modification of this model that incorporates coaches and characterizes forms of professional development distinct from coaching. The specification noted in Figure 1 identifies variables that may explain the effect of elementary mathematics coaches or may interact to influence the effect of elementary mathematics coaches. Because improvements in student learning are ultimately tied to instructional change, the presumption may be that coaches focus solely on coaching for content instruction targeting individual teachers and gradelevel teams, via strategies such as co-planning, co-teaching, observation, demonstration teaching, debriefing, and mentoring. But that is not always the case for elementary mathematics coaches as they may also be called on to provide programmatic leadership, as they assume the role of "community organizer" for mathematics in their schools (Neufeld & Roper, 2003) .
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For example, in their specification of the work that mathematics coaches may engage in within a school setting, a collaborative group of mathematicians, mathematics educators, and school district administrators in Virginia did specify "collaborate with individual teachers through co-planning, co-teaching, and coaching" as an expectation but they also included:
• Assist administrative and instructional staff in interpreting data and designing approaches to improve student achievement and instruction;
• Ensure that the school curriculum is aligned with state and national standards and their school division's mathematics curriculum;
• Promote teachers' delivery and understanding of the school curriculum through collaborative long-range and short-range planning;
• Facilitate teachers' use of successful, research-based instructional strategies, including differentiated instruction for diverse learners such as those with limited English proficiency or disabilities;
• Work with parent/guardians and community leaders to foster continuing home/school/community partnerships focused on students' learning of mathematics; and
• Collaborate with administrators to provide leadership and vision for a school-wide mathematics program. (Virginia Mathematics and Science Coalition, 2008, p. 1) These programmatic efforts that are ancillary to content-focused coaching may influence teachers' beliefs and dispositions, if not knowledge. Coaches may also influence the degree to which teachers access other avenues for professional development. Each of these variables, along with instructionally focused mathematics coaching targeted to individual teachers or grade-level teams, may then impact teacher knowledge, competencies, beliefs, and dispositions, potentially yielding instructional change that influences student achievement. It is recognized that other elements influence the quality of instruction, such as teachers' attention to and management of students, how students make sense of and engage in instructional tasks, the quality of available resources, teachers' professional identity, the intended curriculum, provisions for opportunity to learn, teaching experience, and the nature of student-teacher interactions, as well as contextual factors in the classroom, school and district.
This investigation addressed only some aspects of the conceptual model depicted in Figure 1 . This report does not directly assess teacher knowledge, beliefs, or disposition nor does it measure instructional practice, however, these variables do explain and potentially interact to influence effects on student achievement. Further this work does not include a measure of the quantity or quality of other forms of professional development that teachers participating in this study may have engaged in nor does it distinguish between school or district mathematics programs. This report broadly addresses the impact of coaches on student achievement revealed in a 3-year randomized control-treatment design, controlling for teacher experience, prior school academic tradition in mathematics, school size, and student demographics. Student achievement data was measured by the high-stakes, standardized assessment administered in Virginia in Grades 3-5 as required by No Child Left Behind federal regulations.
Methodology
Coaches
Five school districts in Virginia, coded by the National Center for Education Statistics as representing urban and urban-edge/rural-fringe communities, participated in this study. Each district identified triples of schools with comparable student demographics and comparable traditions of student performance on state mathematics assessments. One large urban district identified two triples of schools while two other mid-size urban districts identified two triples Impact of Elementary Mathematics Coaches 9 and four triples of schools respectively. One of the urban-edge/rural fringe districts identified three triples of schools, while the other urban-edge/rural-fringe district identified a single triple of three schools. Triples of schools, rather than pairs, were identified in order to yield comparable school placement sites for two differing cohorts of coaches, while maintaining corresponding control schools. This study accessed two cohorts of coaches who were participating in a funded teacher enhancement effort addressing the development and refinement of mathematics content, pedagogy, and leadership courses for the coaches.
These 36 schools were each assigned a unique 2-digit number; using a random number This design permitted a controlled, 3-year data collection addressing the impact of coaches. As would be the case in practice, the coaches were not randomly assigned to a school; however, the schools that were identified to receive a coach were randomly selected from the triples of matched participating schools. It is presumed that, from the differing applicant pools that were available in Spring 2004 and again in Spring 2006, the school districts hired those that they perceived to be the best candidates for the Cohort 1 and the Cohort 2 coaching positions.
School districts were paid an allotment of $25,000 per coach per year in order to offset the cost of replacement classroom teachers. At the onset of the project, the school districts expected this subsidy to be in place only for the first 2 years of placement for the coaches in each cohort. During the second year of Cohort 1 placement, when Cohort 2 coaches were enrolled in their fourth preparation course, additional resources became available to provide the Cohort 1 subsidy for a third year. While the school districts received funding to assist in meeting the costs of 3 years of Cohort 1 placement and 2 years of Cohort 2 placement, this financial distinction was not known prior to the selection of a coach for either cohort.
Coaches were paid an annual stipend of $2,500 for participating in the data collection phase of the study. All 24 coaches were female. Eight of the coaches are African American; one coach is Asian; the remaining coaches are Caucasian. A summary of the prior professional experience and background of the 24 coaches as of the time they began their first course is noted in (Lamon, 1999; Fosnot & Dolk, 2002) . Coaches completed these courses at one of three locations, each with different instructors. All courses were team taught, with the team typically including both a mathematician and a mathematics educator. There was variation in the emphasis given to the goals of increasing teachers' content and pedagogical knowledge. For example, the Numbers and Operations course emphasized pedagogical issues, with numerous activities that required teachers to examine children's thinking. In contrast, much of the Geometry and Measurement course involved teachers grappling with mathematical concepts as students, focusing more on the mathematics content and less on the pedagogical implications. The first educational leadership course accessed standards documents from the National Council of Teachers of Mathematics (1991 Mathematics ( , 2000 as well as Adding it up (National Research Council, 2001 ). Coaches were placed in schools following completion of this first leadership course and the five mathematics courses. Subsequently, during their first year of placement, they completed the second educational leadership course focused on coaching, accessing a variety of published references (e.g., Wood, Nelson, & Warfield, 2001 ) as well as accompanying video segments and cases (Miller, Moon & Elko, 2000; West & Staub, 2003) .
Work Activities of Coaches. To account for their changing actions in school within and across each school year, coaches detailed their daily activities using a data collection-transmittal program operating on a Personal Digital Assistant (Dell Axim X50™; PDA). Instructional Specialist Activity Manger (ISAM) is a menu-oriented, entry interface that allows coaches to log the duration and category of their daily activity.
Within the Daily Activity Log option of ISAM, coaches chronologically indicate the duration of an activity and then to "click" the primary identification of that activity. Based on a branching network, activities of interest trigger the presentation of more detailed sub-choices, which coaches again select by "clicking" on the button of interest. After the activities of a complete day are entered, coaches may review the day's entries and, if necessary, modify the listing prior to confirmation. Daily confirmed data are subsequently transmitted over the Internet Impact of Elementary Mathematics Coaches 13 onto a comprehensive data management platform housed on a server at the authors' university.
The ISAM data from the PDA's characterize the duration and nature of coaches' activity across up to 3 years of placement in a school. These daily data are not being utilized in the statistical analyses of student achievement data addressed in this report, because the control schools have no parallel data to include in the analyses. Future analyses will investigate the relationships between coaching activities and student achievement using only data from coached schools. However a descriptive summary of these data are included in Table 2 as a means of quantifying the activity of the coaches.
The contract days for the 24 coaches ranged from 7 hours to 8 hours, depending on the school district, with a mean length of 7 hours, 22 minutes. Thus, on average, the coaches were paid to spend 36 hours, 50 minutes at school each week with a 40-week school calendar. In terms of hours per day, the values in Table 2 may be interpolated according to the formula that 13.6% is equivalent to 5 hours per week (1 hour per day).
The amount of time that each of the two cohorts spent coaching teachers (observation of teaching, demonstration teaching, co-teaching, co-planning, debriefing, meeting with grade-level teams) was more consistent when the year of work was constant ( While these patterns of coaching activity were not likely unique to this implementation, the dominant school-based duty is most likely a project-related artifact. The coaches advised each other to "volunteer for bus duty" as a way to build entrée into their school placements, noting that this was a time when few, if any, teachers would be available to meet with a coach.
The time devoted to personal professional development is also influenced by the research design, as all coaches completed the second leadership-coaching course during their first year of placement. Further, many of the coaches in each cohort completed an additional graduate course or two during their first year of placement as they completed requirements for a master's degree within the following summer or fall semester. For each grade level, the primary dependent variable was the overall SOL Mathematics scale score across 3 years. This dependent variable posed two challenges for these analyses. First, in each grade level, the distribution of test scores shifted in a non-linear fashion as the difficulty of the SOL Mathematics assessment varied from year to year. Second, while the range for the SOL scale scores was 200-600, there was a substantial but varying number of students in each year and in each grade achieving a score of 600. This ceiling effect was problematic because it varied with the difficulty of the test and because it increased the type II error rate, making detection of significant treatment effects less likely. Because of these two challenges,
Data Sources
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standardizing the dependent variable for each grade (by standardizing scores within each year, and then standardizing those scores across years) was not a feasible option. Therefore, in order to control for differences in the testing year, this analysis used the scale scores in the original metric and included binary indicators for each testing year in our models. Table 3 presents selected descriptive statistics for the analyzed Mathematics SOL scores by grade and cohort. Note, there was shifting student enrollment in all of the participating schools over the 3 years, marked by a reduction in two districts. While this loss of student enrollment occurred in all of the participating schools in these two districts, it was more pronounced in the control schools.
Including prior student-level scale scores in the model was also problematic, in part because of the ceiling effect and the inability to standardize scores. Further, there were no prioryear SOL scores for Grade 3 students in any school year or for Grade 5 students in the 2005-06 school year. In addition, when prior-year SOL assessments were administered, missing data due to student mobility was present and not evenly distributed across schools as coded by Title I status and minority composition. Including a student-level prior achievement variable in the analysis would remove approximately one-fifth of the students from the sample and restrict the analysis to the achievement scores of non-mobile students, biasing the sample. 
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schools were comparable in terms of their demographics and prior student performance on the state mathematics assessments, there were differences between the triples of schools, reflecting the differing communities and districts participating in the study. The variables of Low Academic Tradition and High Academic Tradition serve as a control for prior school-level differences between the triples of schools, while randomization serves to balance prior differences within each triple of comparable schools.
Teacher-and Classroom-Level Data. Over the course of the 3 years, there were 1,593
teachers of Kindergarten-Grade 5 mathematics in the 36 cooperating schools who agreed to participate in the project. As indicated in Table 4 , the teachers in the three cohorts of schools did not differ substantively in terms of their professional experience or demographics. In Table 4 Note that while the coaches were responsible for building the capacity of teachers across Grades K-5 in their schools in order to enhance instruction and increase student learning, the analysis of student achievement only addresses mathematics achievement data from the assessed Grades 3-5. Thus, the number of teachers in Tables 3 and 4 differ.
The teachers of mathematics in the control and treatment schools completed demographic surveys upon entry into the study. These demographic surveys also included information regarding years of teaching experience, educational background, and certification. No measures of teachers' mathematical content knowledge were available.
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School-Level Data. The primary school-level variable of interest in this study was whether a school was randomly assigned to receive a coach. While the ISAM data provide detailed information on the activities of the coaches, these data are not included in this controltreatment analysis because control schools have no parallel data. An investigation of the relationship between the activities of coaches and student achievement will be addressed in future analyses limited to treatment schools. Other school-level measures, in addition to academic tradition, were school size and Title I status.
Models and Results
To determine whether coaches impact student mathematics achievement scores as measured by standardized assessments, this analysis accessed data on 24,759 student test scores drawn from Grades 3, 4, and 5 of 36 treatment and control schools over 3 years. To account for the nested structure of the data (students nested within classrooms, nested within schools) hierarchical linear modeling (HLM) was used to analyze the data. 2 Across these 3 years, this sample included 1,169 teachers/classrooms of the students in Grades 3, 4, and 5, of which 368
were in Cohort 1 schools, 406 were in Control 1/Cohort 2 schools, and 395 were in Control schools throughout. Students and teachers were linked to their schools in the sample in each year of the study.
The student data were analyzed separately by grade ensuring complete independence between measures at the student level from one year to the next. However, at the classroom level, teachers could have taught in a school in the first, second, or third year of the study, remaining in a single grade in a participating school for up to 3 years. This violates the assumption of independence of teachers across years. Likewise, there is not independence between schools because schools were entered into the analytic sample by year. This violation of the assumption of school-level independence is problematic because it increases the type I error rate, raising the likelihood of identifying significant treatment effects by an indeterminate amount. Nevertheless, the analyses that follow are offered with this limitation because no practical analytic alternative is available for analyzing the data and because there is much to be learned from this unique dataset. Any conclusions drawn from these analyses should be made with this limitation in mind.
Some portion of the variance in students' scores can be attributed to the class to which a student belongs and some to the school that a student attends, rather than to individual or treatment differences. By estimating a baseline model for each grade, with no predictors at the student, class or school level, it is possible to determine the interclass correlation coefficient (ICC) for the class level (level 2) and for the school level (level 3). These measures indicate the proportion of the total variance of students' scores associated with the classes and schools attended by students. The ICC for level 2 indicated that 11.0% of the variance in third-grade scores, 16.3% of the variance in fourth-grade scores, and 15.8% in fifth-grade scores was associated with classes. The ICC for level 3 showed 9.5% of the variation in Grade 3 students' scores was associated with the school the student attended, with school accounting for 9.3% of the variance in Grade 4 and 7.4% in Grade 5. Thus, on average, 14.4% of the difference in student scores in this sample is associated with class grouping and 8.8% with school grouping, while 76.8% is attributable to individual student differences. school year. All of the variables were centered on the grand mean and controlled for these student characteristics across all three levels (Raudenbush & Bryk, 2002 The random effects for special education and FARM status were significant at the classroom and school levels in some grade-level analyses. In each grade-level analysis, an analysis was completed to determine whether these relationships varied across groups at both the classroom and school level. In models where these random effects were significant (p < 0.05), the error terms are random. However, these random slopes are not modeled to preserve similarity across all of our models and because these random effects are not the focus of this study.
Classroom-level variables included measures of teacher experience and education.
Because prior research has indicated that students in classrooms with novice teachers may have significantly lower achievement on standardized mathematics assessments and because urban With two exceptions (free and/or reduced meals and special education status, as noted in Tables 5 and 6 ), all level 1 predictors had fixed effects at the class and school levels such that the effect of each predictor was equal to the average group effect of that predictor.
The primary independent variables in these analyses were school-level variables that Results. Findings from analyses of Grades 3, 4, and 5 student mathematics achievement data are presented in Table 5 , with the statistics for differing independent variables presented in
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each row and the grouped columns specifying the grade. In all three grades the Cohort 1 coefficients were positive and significant. In Grade 3, students in Cohort 1 schools averaged 10.7 points, or 14% of the Grade 3 pooled standard deviation, 3 higher than the mean on the SOL Mathematics scaled score (p = 0.040). In Grades 4 and 5, students in Cohort 1 schools scored 13.7 (p = 0.0095) and 15.3 (p = 0.004) points above the mean respectively, which corresponds to 18% SD on the Grade 4 tests and 19% SD on the Grade 5 tests.
In contrast, the Cohort 2 Year 3 variable, representing the placement of a first-year coach during the third year of the study, was not significant in any of the analyses. With only this single year of treatment data for these 12 schools, the variance for the Cohort 2 measure was, as expected, larger than the variance of the Cohort 1 variable, which had 3 years of data for 10 schools and 2 years of data in 2 schools. These disparate findings between the 3 years of Cohort 1 treatment data and the single year of Cohort 2 treatment data are addressed below.
At the classroom level, students whose teachers had a master's degree did not have significantly different SOL scores than their peers who were taught by teachers without a graduate degree. The effects of teacher experience were not consistently significant across the grade-level analyses, but were in the expected direction with students with early-career teachers having somewhat lower SOL scores than did students of teachers with 5 to 9 years of teaching experience. In the Grade 5 analyses, on average, students of novice teachers scored 13.7 points (17% SD, p = 0.023) lower on the SOL assessment than did their peers in classrooms with more experienced teachers. The mean scale scores of Grade 4 and Grade 5 students whose teachers had 10 or more years of teaching experience were approximately 10.5 points (14% SD, p = 0.012, in Grade 4; 13% SD, p = 0.005, in Grade 5) greater than the mean scale scores of students in these grades whose teachers had 5 to 9 years of teaching experience. Thus the magnitude and
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significance of student achievement differences associated with teacher experience generally increased by grade.
Across all three grades, the individual effects of age, poverty, race/ethnicity, and special education status had consistently significant negative effects on total SOL mathematics scores (p < 0.001). The effects of gender and LEP status were negative but not consistently significant.
The only significant impact of gender was in Grade 4 for females; in Grades 4 and 5, LEP students had significantly lower scale scores. In 2007, the average SOL Mathematics scale score was significantly higher for Grades 4 and 5 (25% SD, p < 0.01). In 2008, the year-of-test effects
were not significant, however the magnitude of the coefficients underscores the importance of including these controls in the model.
This model explained similar amounts of variance across all three grade-level analyses.
(See bottom of Table 5 .) Compared to the fully unconditional baseline model with no predictors at any level, the final models explained between 13 and 15% of the individual or level-1 variance in student mathematics achievement scores. The models explained between 41 and 47% of the variance at the classroom level, and between 41 and 50% of the variance at the school level.
Cohort-by-Year Analysis
Models. As reported previously, this analysis indicated a significant effect associated with the Cohort 1 variable, but the treatment effect was not evident in the Cohort 2 Year 3 variable. This difference between findings may reflect the differing amounts of time the coaches in the two cohorts had to work with teachers and the school mathematics program. To further address possible differences between treatment cohorts, a second set of analyses were completed to examine the effect of each treatment cohort by year. In these analyses the Cohort 1 variable was replaced with three treatment variables, one for Cohort 1 schools in each year of the study, Results. Findings from these cohort-by-year analyses of Grades 3, 4, and 5 student mathematics achievement data are noted in as expected, the increased variance of the estimates reduced the number of significant coefficients. In Grade 3, none of the Cohort 1-by-Year variables were significant. In the first year of the study, the SOL mathematics scores of the Cohort 1 students were, on average, 6.8 points (9% SD, p = 0.25) higher than those of the students in the control schools; in Year 2 the coefficient increases to 10.4 points (14% SD, p = 0.24), and in Year 3 it increases to 16.5 points
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(22% SD, p = 0.14). While increasing coefficients are apparent in the second and third years of placement of an elementary mathematics coach, the increasing Cohort 1-by-Year coefficients in this analysis are not significant, due in large part to the increased standard errors associated with this more conservative analysis.
In Grade 4 there is a similar pattern. In the first year, on average the Cohort 1 students scored 12.3 points higher (17% SD, p = 0.09) than the control students on the SOL mathematics assessment, though this coefficient is not significant. In the second year, the coefficient was significant as on average Cohort 1 students scored 15.4 points higher (21% SD, p = 0.046) than
Grade 4 students in the control schools. In the third year of the study, the coefficient for Cohort 1 students fell somewhat to 13.3 points (18% SD, p = 0.27), with a substantially larger standard error.
In the Grade 5 analysis, the pattern of growth is more compelling with larger and estimate is then compared to the average score for control schools. Specifically in Grades 3 and 5, these Cohort 2 coefficients change from small negative coefficients to negligible estimates. In
Grade 4, the Cohort 1 Year 3 estimate is essentially equal to the average Cohort 1 effect in the previous Grade 4 model, and thus the Cohort 2 Year 3 estimate remains essentially the same (8.9
points compared to 9.1). In sum, the Cohort 2 Year 3 estimates in the second set of models better represent the true differences between Cohort 2 treatment schools and the control schools.
Further, these more accurate estimates are consistent with the pattern of Cohort 1 coefficients, which indicated no statistically significant improvements in student scores in the first year of coaching, with larger increases evident in following years.
The cohort-by-year models explain the same amount of variance as the control-versustreatment models. The similar amounts of variance explained are not surprising since the by-year models are nested in the control-versus-treatment models. Thus the same variance is explained but attached to the by-year estimates differently. Similarly, across all grades the deviance statistics of the two sets of models had negligible differences, favoring the more parsimonious set of models by any measures of model fit (χ 2 , AIC, or BIC) (McCoach & Black, 2008) .
Discussion
Mathematics coaches are placed in elementary schools to construct leadership roles and to provide professional development addressing mathematical content, pedagogy, and curriculum. Theoretically, these leaders support collective collaborative professional development, providing knowledgeable "critical collegiality" (Lord, 1994) . But, substantive change is neither rapid nor consistent. Coaches are called upon to navigate not only the complexity of teaching and student learning as it emerges in the classrooms of multiple teachers, but to do so while provoking the development of those teachers by advocating for their change, nurturing their performance, advancing their thinking, increasing their mathematical understanding, and saluting their attempts (Campbell, 1996) . This is a demanding role, and a role that the profession does not understand and is only beginning to examine.
This study was designed to address the fundamental question that educational policymakers, district administrators, and school leaders ask: Does the placement of an elementary mathematics coach affect student achievement across a school? As such it employed a control-treatment design with triples of like schools randomly assigned to either 3 years of coaching placement, 3 years of control status, or 2 years of control status and 1 year of coaching placement. Each of the matched schools in a triple were within a single district, with no school having benefited from the placement of an elementary mathematics coach in the past, thereby limiting confounding district variation in this group-randomized trial. All of the cooperating districts were in a single state, establishing consistency in terms of intended curriculum standards and assessment objectives in mathematics. As an efficacy study, the schools for this project are all in urban or urban-edge districts that each employed a district-level mathematics supervisor and are located within commuting distance of a university, wherein the coaches could complete their mathematics content, pedagogy and leadership/coaching courses. The combination of the 12 triples in this study provide a sample of matched schools that together represent differing academic traditions in mathematics and enroll students drawn from a variety of urban and urbanedge settings reflecting both poorly resourced and adequately resourced communities. This study then relied upon random school assignment to treatment or control status within the triples to limit confounding school differences.
Ideally, baseline individual student achievement data would have been available for most students in all grades, student mobility would have been minimal and not correlated with other school demographics, school enrollment would have been stable, and the standardized student assessments would have year-to-year consistency always permitting room for growth. However, this was not the case, reflecting the reality of public schooling. Thus, this analysis relied upon randomization of the matched schools. While prior achievement was not available at the student level, two measures of prior school-level academic tradition in mathematics (High Academic
Tradition and Low Academic Tradition) were used to control for large differences in prior school performance. Nevertheless, the lack of an individual prior student-achievement covariate and the fact that standardizing student achievement scores was not an option in the analysis are acknowledged research limitations.
In addition, two countervailing challenges influence the type I and type II error rates in these analyses. The ceiling effects present in the SOL data, effects that were more prevalent in the data from the schools with coaches as compared to the control schools, decreased the likelihood of finding significant treatment effects by an indeterminate amount. At the same time the violation of the assumption of independence at the classroom and school levels increased the likelihood of finding significant treatment effects by an indeterminate amount. This lack of independence is a serious limitation. While the pattern of growth over time in the treatment effect supports and further explains the positive impact of elementary mathematics coaches on student achievement, the results of the analyses presented in this report should be interpreted in light of these admitted limitations. As such, further research is needed to support or refute the conclusions that follow.
Over a 3-year period, the students in this study who were enrolled in schools with an elementary mathematics coach had significantly higher scores on their state's high-stakes, standardized mathematics achievement tests (Grades 3-5) than did students in the control schools. While significant at all three grades, this positive impact was stronger in Grades 4 and 5.
It may be that this reflects the increased rigor and abstraction of the upper-elementary mathematics curriculum, evidencing more challenge for teachers and students and the resulting potential for coaches to have more entrée or influence because of perceived need. Or it may simply reflect the confounding measurement demands that a paper-and-pencil, timed assessment places on third graders.
The subsequent, conservative, year-by-year analyses revealed that the effect of mathematics coaches on student achievement was not significant in the first year of coach placement at any grade. While these more conservative analyses did not consistently find significant effects for treatment groups consisting of only 12 schools per year, it did reveal a consistent pattern of results across all three grades. Student achievement in the treatment schools was consistently greater than the achievement of students in the control schools during the second year of coach placement (a significant difference in Grades 4 and 5) and this difference in student achievement either increased (Grades 3 and 5) or was comparably maintained in the third year of the placement of a coach. This finding aligns with the core features of Desimone's (2009) professional development framework. It may be that coaches do not have a positive impact on student achievement until the school-based professional interaction between coaches and teachers is of sufficient duration to permit emergence of coherent collective efforts marked by active learning and focused on mathematics content and pedagogy, as well as on student understanding. The pragmatic implication of this finding is the caution that a coach's positive effect on student achievement develops over time as a knowledgeable coach and the instructional and administrative staffs in the assigned school learn and work together. There is no evidence that elementary mathematics coaches will yield increased student achievement in their first year of placement.
Relying on a quantitative design, this project did not study: how coaching practices were implemented or influencing practice in these schools; how these coaches varied in their focus, organization, priorities, coaching knowledge, and skills; how these coaches interacted with their teachers; how teachers' existing instructional practices meshed or conflicted with the instructional ideal of their coaches; or how these local school administrators and teachers perceived the role and value of a coach. These types of field investigations are needed if we are to understand how to maximize the potential of coaching as site-based professional development supporting student learning and teacher enhancement.
Similarly, as implied in Figure 1, 
